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Despite its relevance in numerous natural and industrial processes, the solubility of molecular
oxygen has never been directly measured in capillary condensed liquid water. In this article, we mea-
sure oxygen solubility in liquid water trapped within nanoporous samples, in metastable equilibrium
with a subsaturated vapor. We show that solubility increases two-fold at moderate subsaturations
(RH ∼ 0.55). This evolution with relative humidity is in good agreement with a simple thermo-
dynamic prediction using properties of bulk water, previously verified experimentally at positive
pressure. Our measurement thus verifies the validity of this macroscopic thermodynamic theory to
strong confinement and large negative pressures, where significant non-idealities are expected. This
effect has strong implications for important oxygen-dependent chemistries in natural and techno-
logical contexts.
INTRODUCTION
Many essential chemical processes in the environ-
ment and in technological applications involve reaction
of solvated gases, typically in aqueous conditions: be-
fore reaching reactive sites, gas species are captured
from the atmosphere by dissolution in a solvent. Ex-
amples include gases like molecular oxygen, or dioxy-
gen, for biochemistry and respiration[1], geochemistry[2],
corrosion[3, 4], soil remediation[5], metallurgy[6, 7] and
cathodic reductions[8, 9]; molecular nitrogen for nitro-
gen fixation in soils [10]; and carbon dioxide for photo-
synthesis [11], carbon dioxide sequestration and the for-
mation of carbonates [12, 13]. In these scenarios, sol-
ubility defines the concentration of dissolved solute; in
turn, concentration controls rates of mass transfer and
reaction [14]. In general, the solvent is present as an
absorbate, in confinement within pores, or both.
Significant research has been conducted to describe the
dynamics and the equilibrium state for the adsorption of
species [15–18]. The topic of gas solubility in nanocon-
fined solvents has more specifically received significant at-
tention over the past two decades [13, 14, 20–30]. Model
predictions, numerical simulations as well as experiment
indicate that the solubility of gases tends to be larger in
nanoconfined solvents than in the bulk. Two perspectives
on this oversolubility have emerged in the literature.
Starting with simulations by Luzar and Bratko [21, 32]
and experiments by Miachon et al. [22], a literature on
oversolubility in nanoconfined solvents emerged in the
context of catalysis. These studies focused on gas sol-
ubilities in synthetic mesoporous matrices wetted with
organic solvents or water. These studies document dra-
matically increased solubilities (over ten-fold) of H2, CO2
and non-condensing organics as the confinement of the
solvent increases and the solvent loading of the pore space
decreases [21, 22, 25, 28, 29]. These investigators explain
the observed oversolubility by a combination of adsorp-
tion at the pores wall and at the liquid-gas meniscus and
enhanced solvation due to confinement induced layering
of the solvent molecules, depending on the chemical char-
acter of the host matrix, the solvent and the solute.
Simultaneously, research led by Mercury and collabo-
rators have emphasized the importance of capillary stress
in solvents on the equilibrium constants of dissolution
from both solid phases and gases in the context of geo-
chemistry [20, 33–35]. In the context of a solvent con-
densed in small pores, the capillary stress is a reduction
of pressure (possibly down to negative values) controlled
by Kelvin equilibrium with an unsaturated atmosphere
of the solvent’s vapor; concavely curved menisci pinned
at the mouth of the wettable pores maintain the differ-
ence in pressure between the gas phase (positive pressure,
Pg) and that of the solvent (reduced or even negative
pressure, P`). The reduction of pressure in the pore sol-
vent modifies solubilities according to the rules of classi-
cal thermodynamics of bulk substances. In particular, as
discussed in detail below, for solutes with positive par-
tial molar volumes of mixing, one expects solubility to
increase with decreasing solvent pressure. With a focus
on water as a solvent in geological contexts (i.e. porous
minerals as hosts), these investigators have used state-of-
the-art descriptions [12] of aqueous solutions as a func-
tion of pressure, temperature and composition to predict
the dependence of solubilities on the saturation of the
water vapor (relative humidity RH = Pg/Psat(T ) where
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2Psat is the saturation pressure) with which the pore liquid
is in equilibrium [14]. With elegant analysis and experi-
mentation they have shown that this Kelvin mechanism
can explain measured equilibria within hydrated reactive
minerals as a function of the RH of water vapor [13, 20].
Of note for our study, these works provide convincing yet
indirect evidence that the solubilities of CO2 and O2 in-
crease with decreasing RH due to the reduced pressure
within pore solvent.
Experiments to measure solubility in nanoconfined sol-
vents have used both macroscopic and microscopic tech-
niques. Some studies [13, 20, 23, 25, 26, 28, 29, 37] used
macroscopic measurements of phase equilibrium, for ex-
ample by measuring the equilibrium partial pressure of
CO2 in contact with hydrated carbonate mineral [13] or
of H2 in contact with a mesoporous matrix wetted by
organic solvents [23, 26]. Miachon et al., on the other
hand, used integrate peak size in NMR spectra of con-
fined solutions to extract solute concentrations [22].
In this work, we show that the solubility of molecular
oxygen (O2) in capillary condensed water in the pores
of a wettable solid increases when the RH of the gas at-
mosphere decreases (see Fig. 1). To do so we introduce
a new microscopic technique based on phosphorescence
lifetime to evaluate relative changes in oxygen concentra-
tion in liquid water in the pores of two porous media with
pore radii of a few nanometers. This study represents the
first direct measurement of O2-solubility in nanoconfine-
ment as a function of the degree of vapor saturation. To
explain our results, we adopt the Kelvin mechanism of
Mercury et al., although with simpler assumptions about
the properties of the solvent. This model successfully
captures the observed evolutions and is consistent with
previous studies on oxygen solubility in water under high
positive pressure [10, 38].
We organize the remainder of our presentation as fol-
lows. First, we explain in more detail the Kelvin mecha-
nism leading to equilibrium between pore liquid and an
unsaturated vapor and its consequences on the solubil-
ity of gases. Second, we describe the experimental setup
and present the phosphorescent dye and the porous me-
dia used in the study. Then, we show the results obtained
from the experiments and compare them with theoretical
predictions. Finally, we discuss these results relative to
the aforementioned literature.
THEORETICAL BACKGROUND
Fig. 1 presents our experimental system. In the ex-
panded view, we show an individual pore containing liq-
uid water in equilibrium with a gas phase containing oxy-
gen and either saturated water vapor (left) or unsatu-
rated vapor (right). This simple representation of the
pore architecture does not capture the full complexity of
pores within the porous media studied here (Vycor and
porous silicon) with respect to interconnectedness, dis-
tribution of pore size, or surface roughness (see section
1 in SI for more details on porous media). Nonetheless,
the consideration of a simplified pore geometry (cylindri-
cal with smooth walls ans uniform diameter) allows us to
capture the relevant physics for this study.
In the following theoretical development, we assume
that the macroscopic thermodynamic properties and re-
lations remain relevant in the pore solvent despite sig-
nificant confinement (pore diameters below 10 nm). By
confronting the predictions of this approach with our ex-
perimental observations (see Results section), we show
that, within the context of this study, these macroscopic
arguments are indeed relevant. We do not exclude the
possibility that nanoscale confinement has some influence
on the properties of the pore liquid, we simply conclude
that any such effects are not resolvable by our measure-
ments of the variation of solubility with imposed relative
humidity in pores of radius greater that ∼ 1.5 nm.
Classical arguments from thermodynamics predict that
a capillary condensed pore liquid in equilibrium with a
subsaturated vapor exists in a superheated state at re-
duced pressure [40–42] P` [MPa] defined by the Kelvin-
Laplace relation [43, 44]:
P` = Pg + ρ`RT ln (RH) = Pg − 2γ cos θ
rp
(1)
where Pg [MPa] is the total gas pressure, ρ` [mol ·m−3]
is the molar density of the liquid phase, RH =
PH2O/Psat(T ) is the relative humidity of the gas
phase (Psat(T ) [MPa] being vapor saturation pressure),
γ [J ·m−2] is the surface tension (for pure bulk water,
γ = 72 mJ ·m−2 but this value could depend on the cur-
vature of the meniscus and of the concentration of dis-
solved gases) of the liquid and θ [rad] is the contact angle
with the solid at the pore mouth. Equation (1) predicts
that the pressure P` in the pore liquid decreases (and
eventually becomes negative) as RH drops; this state per-
sists until cavitation occurs or until the contact angle of
the meniscus reaches its receding value. Modest changes
in RH should induce large changes in the pressure expe-
rienced in the adsorbate: for instance, while pressure in
saturated conditions (RH = 1) is about P` = 0.1 MPa, it
decreases to P` = −80 MPa for a moderate unsaturation
RH = 0.5.
We [1, 46, 47] and other groups [48, 49] have recently
shown that predictions of Eq. (1) hold to extremes of
confinement (pore radius down to 1.4 nm) and pressure
(P` = −70 MPa). In the following, we use Eq. (1) to in-
terpret responses to changes in RH in terms of changes in
solvent pressure. This approach provides a simple route
to pursue an unprecedented study of solubility at reduced
pressures, extending previous studies conducted under el-
evated pressures [10].
The effect of solvent pressure on the solubility can be
modelled by using simple arguments based on macro-
3scopic thermodynamics. If we assume that the partial
molar volume of oxygen in water v2 [m3 ·mol−1] is inde-
pendent of pressure, Gibbs-Duhem equation can be easily
integrated to give the change of chemical potential with
pressure. If we further assume that the gas phase is ideal,
we get the Krichevsky and Kasarnovsky equation [38]:
c(P`)
csat
=
ρ`(P`)
ρ`,sat
e−v2(P`−Psat)/RT . (2)
We provide a derivation of this relation in section 4 of
SI. These arguments assume that the pore liquid can
be treated as having a well-defined pressure and bulk
behavior despite the significant confinement imposed by
the walls of the nanoscale pores. For the pore dimen-
sions used in this study (rp = 1.4 nm and 3.8 nm), our
previous work [46] and that of others [50] suggest that
this assumption of macroscopic thermodynamic behavior
should hold. The success of this treatment in describing
our data (see Results section) serves as a test of its consis-
tency. In section 4 of SI, we also provide a more general
relation directly between the imposed RH and the solu-
bility. Variations of molar volume (v2) with pressure can
be accounted for by using van der Waals-like equations
of state [3, 4].
MATERIALS AND METHODS
The experimental setup is described in Fig. 1. Ini-
tially, we filled a dry porous sample with a solution
of oxygen-sensitive phosphorescent dye with concentra-
tion ∼ 100 µmol · L−1: we placed a drop of solution on
the sample and left it at rest for about 15 min to allow
filling by capillary imbibition. After carefully drying the
surface of the sample, we placed it in a closed cham-
ber with controlled humidity RH and oxygen pressure
PO2 , and allowed equilibration of pore liquid with the
atmosphere for ∼ 5 min before measurements. We used
two different porous solids – porous glass (pore radius
rp = 3.8± 0.3 nm) and porous silicon (rp = 1.4± 0.1 nm)
– to host the condensed water. Some details on the
porous samples are given in section 1 in SI.
The composition of the atmosphere for each experi-
ment was either air or a mixture of oxygen and nitrogen
at atmospheric pressure Pg = 1 bar and with the ratio
controlled by a gas mixer (Oxydial); the mixer was cali-
brated with respect to the Clark electrode. The humidity
of the atmosphere was imposed by the saturation vapor
pressure of salt solutions placed in the box; no direct con-
tact occurred between this solution and the porous sam-
ple. In this experiment, solutions of sodium or lithium
chloride at various concentrations were used to impose
liquid pressures ranging from P` = Psat (pure water,
saturated atmosphere) to −70 MPa. For each solution
and before every experiment, water potential was mea-
sured using a chilled mirror hygrometer (WP4C, Meter
Group [53]). The experiment was performed at a tem-
perature of T = 20 ◦C: in the following, all numerical
results and theoretical predictions will be given at his
temperature.
L
PM SaturatedRH = 1
PO2
Pü = P0
[O2] = c0
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RH < 1
PO2
Pü = P0 +
kBT
v ln (RH)
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θ
FIG. 1: Measuring relative concentrations of oxygen in pore liquid under tension with phosphorescence lifetime. A porous
sample wetted with an aqueous solution of phosphorescent dye (green circles in the expanded view) was placed in a box of
controlled atmosphere of water vapor, oxygen (red circles in the expanded view) and other inert gases, in equilibrium with
osmotic solutions imposing relative humidity RH. Phosphorescence lifetime was accessed by illuminating the sample with
pulsed laser (L) and measuring the decay of phosphorescence signal with a photomultiplier (PM).
To measure the concentration, c [mol ·m−3], of dis-
solved oxygen in pore liquid water, we exploited the
oxygen quenching of the phosphorescence of specific
dyes [54, 55]: we used a rhenium based phosphor [2] syn-
thesized by our team (details in section 3 of SI). This dye
presents the advantage over commercial ones by yielding
significant luminescence signal, and being water soluble
and small enough to fit within the nanoscale pores. By
fitting the luminescence signal following pulsed laser exci-
tation of the phosphor, we measured the phosphorescence
lifetime, τ [s] of the dye (see Fig. 2(a) and section 2 in SI
for more details on the optical setup).
4For both substrates, we observed variations of lifetime
when we performed measurements at different locations
across the samples. However, the size of the laser spot
(diameter ∼ 200 µm) was larger than the typical pore size
and we thus expected to observe an homogeneous value.
It is known that lifetime of fluorescent dyes can display
fluctuations due to molecular conformation [54, 57], but
this effect should not affect significantly our measurement
as the spot size is larger than the typical pore size. How-
ever, it has been observed that Stern-Volmer parameters
can display significant variations on micrometric scales
on a priori homogeneous surfaces [58, 59]. Furthermore,
as was seen with other dyes [60, 61], we observed a sig-
nificant variation of lifetime between the different porous
media and with respect to bulk solution (see section 3 in
SI for more details): this observation hints at a strong
interaction between the dye and the solid glass matrix
which could explain the observed spatial variations, as
small variations of the glass properties on large scale
could significantly impact measured lifetimes. In order to
moderate the impact of these fluctuations, we repeated
measurements for each value of RH at different places of
the samples (N = 25) and computed average lifetimes.
Uncertainties are represented by the standard deviation
of the measured series.
We expect the relationship between the lifetime, τ , and
the concentration, c, of oxygen in the pore liquid to be
given by the Stern-Volmer relation:
1
τ
=
1
τ0
+Kc. (3)
where τ0 [s] andK [m3 ·mol−1 · s−1] are parameters to be
determined by calibration which depend on the nature of
the substrate. The concentration is related to the oxygen
pressure through Henry’s law c = HPO2 , so we predict:
1
τ
=
1
τ0
+ kyO2 (4)
where k = HKPg and yO2 = PO2/Pg is the mole fraction
of O2 in the atmosphere.
To calibrate the sensor, we filled the experimental cell
with a mixture of oxygen and nitrogen with a controlled
ratio and at atmospheric total pressure Pg = Patm, sat-
urated with water vapor (RH = 1). The lifetimes we
obtained for different mole fractions of oxygen in the gas
phase is presented in Fig.2(b). For both substrates, the
equation (4) describes satisfactorily our measurements
and this calibration allows us to determine the values of
τ0 and ksat = HsatK, where subscript sat indicates that
this value is valid at saturation. Values of the parameters
for the two substrates are given in section 3 in SI.
For any value of RH, we have
1
τ
=
1
τ0
+ ksatyO2
c
csat
. (5)
As we control yO2 and by assuming that the determined
values of τ0 and ksat do not depend on the pressure in
the liquid, our measurements of lifetime give us access
to c/csat. In other words, we can track relative changes
in the concentration of O2 in the pore liquid with this
technique; we cannot determine absolute concentrations.
RESULTS
Fig. 5 represents the observed evolution of the rela-
tive concentration of dissolved oxygen in the pore liquid
(aqueous solution of phosphor) for fixed mole fraction in
the gas phase (yO2 = 0.21) and various values of RH. We
used calibration curves as in Fig. 2 to evaluate the rela-
tive concentration from phosphorescence lifetimes, with
the value at saturation (RH = 1), csat, as a reference.
We report the imposed RH on the top axis and the cor-
responding pressure in the pore liquid (calculated with
Eq. (1)) on the bottom axis.
The range of RH (or pore pressure) over which we
report concentrations for each sample type (∼ 0.75 ≤
RH ≤ 1 for Vycor and ∼ 0.55 ≤ RH ≤ 1 for porous sili-
con) were limited from below by the disappearance of de-
tectable phosphorescence for drier conditions. We inter-
pret this loss of signal as occurring at the point at which
the pore liquid receded into the pores when the stress
implied by the Kelvin equation (ρ`RT ln RH in Eq. (1))
exceeded the maximum capillary stress sustainable in the
pores [62] (2γ cos θr/rp in Eq. (1) where θr is the receding
contact angle of water on the pore wall). For Vycor, with
rp = 3.8 nm, we expect this drying transition to occur at
RH = 0.8; for porous silicon, with rp = 1.4 nm, we ex-
pect it at RH = 0.54. In both cases, we use a reasonable
value θr = 40◦ and find reasonable agreement with the
observed transitions.
We now remark the good agreement in the measured
values of relative concentration as a function of RH for
the two substrates over the shared portion of their ranges
(∼ 0.75 ≤ RH ≤ 1). We further note the large (over two-
fold) increase in relative concentration of dissolved O2
as the vapor goes from saturation to RH = 0.55. We
conclude that a modest degree of subsaturation in the
vapor phase, commonly encountered in our environment,
has a dramatic effect on the solubility of RH of O2 in the
pore liquid.
The black line in Fig. 5 represents the prediction of
Krichevsky and Kasarnovsky (Equation (2)) for a litera-
ture value for the molar volume [10, 11] of O2 in water:
v2 = 3.21× 10−5 m3 ·mol−1. Predictions of the more so-
phisticated model detailed in section 5 of SI match those
of the simple model within a few percent, well within the
experimental uncertainty. Thus, our theory agrees quan-
titatively with experimental results. Importantly, we em-
ployed no fitting parameter in performing this compari-
son. Interestingly, the same Krichevsky and Kasarnovsky
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FIG. 2: Phosphorescence lifetime of dye in pore liquid. (a) Example of phosphorescence signal and exponential fit, with
lifetime τ = 4.7 µs, amplitude ∆I = 479 and noise level I∞ = 135. (b) Evolution of lifetime in Vycor with mole fraction
of oxygen, yO2 , in saturated atmosphere. Blue dots are the measured lifetimes at different positions on the porous glass
(N = 25), red crosses represent the average lifetime and errorbars correspond to standard deviations over the sample. Black
line corresponds to a linear fit (4) with τ0 = 8.7± 0.3µs and ksat = 0.48± 0.02µs−1.
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FIG. 3: Evolution of oxygen concentration c with liquid pres-
sure P` in metastable water, with respect to its value csat at
saturation. Red symbols correspond to measurements in Vy-
cor glass and blue symbols to measurements in porous silicon.
Black line is the prediction of the simple model (Equation (2)).
equation had previously been used to describe the evo-
lution of oxygen solubility at positive pressures [10]; our
experiment thus extends its range of validity by a factor
two and, for he first time, into the regime of negative
pressure.
DISCUSSION
Comparison with literature
Given the structural and chemical distinctions between
the two substrates, the agreement between data acquired
for both of them and our model for a wide range of vapor
saturations demonstrates:
1. the appropriateness of interpreting the impact of
subsaturation as the impact of the thermodynamic
state of the pure fluid imposed by metastable equi-
librium with its vapor (Equation (1)) and not of
the detailed characteristics of the host matrix, and
2. the relevance of bulk thermodynamics relations
for multi-phase, multi-component equilibrium for
nano-confined pore liquids.
This success supports the perspective put forward by
Mercury, Lassin et al. [13, 14, 20, 64, 65] that the Kelvin
stress within the pore fluid plays an essential role in
defining the solubility of gases in unsaturated porous me-
dia. Our model relies on a far simpler description of the
thermodynamic properties of the solute and solvent than
that employed by these authors [12, 13]. However, the
matrices used in our study should be completely unre-
active (except for the possible deprotonation of silanol
groups) such that pore liquid remains essentially pure
water and ion effects should be minimal. In contrast,
within the geological samples of interest to them, account
for these effects was necessary. The good agreement be-
tween Krichevsky and Kasarnovsky equation and a more
complete model with an equation of state for the mix-
ture of oxygen and liquid water (see section 5 in SI) can
be explained by the small variation of the partial molar
volume v2 of oxygen with pressure [14].
We further consider the interplay between Kelvin
mechanism and the studies following experiments by Mi-
achon [22] and Ho [25] in which the effects of the satura-
tion of the solvent vapor were not explored. Our exper-
iments are restricted to a situation in which the porous
solid remains completely filled with the liquid and the
liquid achieves equilibrium with a nanoscopic deforma-
tion of the meniscii pinned at the pore mouths (see ex-
panded view in Fig. 1). In this filled state, the extent
of liquid-solid and liquid-vapor interfaces within the host
stays constant as we vary RH, such that we expect the
6interfacial effects involved by Miachon and Ho should not
impact the variation of relative solubility, c/csat, that we
report here. On the other hand, we expect that this
mechanism should impact the absolute concentrations in
our host media (e.g. the concentration at vapor satu-
ration, csat, may be larger than in bulk water). How-
ever, due to our calibration procedure, we only measure
directly the ratio c/csat of concentration at a given hu-
midity over its reference saturated value. We do observe
a significant discrepancy between the average lifetime of
the dye in bulk solution and in pores under saturated con-
ditions, however, we cannot interpret this observation as
an effect of confinement on solubility as the behaviour of
the dye itself is likely affected by the confinement as we
noted previously (see section 3 in SI for a comparison of
lifetimes in solid substrates and in bulk solutions).
We cannot exclude that the confinement induced over-
solubility mechanism would play a role in our system at
low saturations for which gas and liquid would be in-
terspersed through the whole pore space. Our method
of observation was not sensitive enough to obtain phos-
phorescence signal in this regime. While the mechanism
proposed by Miachon and Ho is likely to be dominant in
the very dry regime, where the liquid only remains as an
adsorbate on the pores walls, it should be corrected by
the Kelvin mechanism in the more humid regime when
capillary condensation starts to occur.
Absence of anomalous hydrophobic effect
Under the relative humidities involved in our study,
we predict that liquid pressure reaches ∼ −70 MPa, for
which density should decrease by about ∼ 4 % with re-
spect to saturation. It is surprising that our simple
model, based on thermodynamic assumptions of ideal-
ity and bulk properties of water, holds in this notably
stretched state and at such confinement, in pores of di-
ameter of the order of a few molecular diameters.
In particular, the solubility of species in water under
tension has been investigated numerically in the context
of hydrophobic interactions, involved for instance in pro-
tein folding [66]. In this regime, there are strong numer-
ical clues that the properties of solvent should be sig-
nificantly altered and that an anomalous solvation effect
occurs for hydrophibic molecules [67].
Oxygen has not been specifically studied with respect
to the hydrophobic effect but its apolar nature and the
non monotonous behavior of its solubility with temper-
ature [68, 69] hint at a hydrophobic character. The
agreement with our theory is thus particularly striking.
Further studies involving more hydrophobic and larger
molecules would be of strong interest.
Impact on physico-chemical processes
Such a dependency of the solubility of oxygen on RH
for capillary condensed water is expected to impact var-
ious physico-chemical processes. In natural conditions,
capillary condensed water is mostly found in soils: there,
dissolved oxygen can be beneficial, for instance in agri-
culture as it enhances root growth [70, 71] and microbial
activity [72], or detrimental, for instance as it triggers
the formation of polluting sulphidic compounds in mine
tailings [73]. Significant work has been done on the mod-
elling of oxygen transport within unsaturated soils [74]
and incorporation of our result could help to reach more
quantitative predictions.
Electrochemical transformations represent important
class of processes susceptible to be impacted by this phe-
nomennon. Dry corrosion of metals, which happens in
contact with an unsaturated medium, is one of the most
widely studied physico-chemical phenomenon due to the
enormous industrial cost it represents for the mainte-
nance of pipes and structural materials [75]. Many stud-
ies have reported effects of the relative humidity in the
gas phase on corrosion rates in several contexts like at-
mospheric corrosion [76–80], corrosion by hot steam [81]
or soil corrosion [82, 83]. In all these cases, the metals
are covered by a thin liquid film and any asperity of the
surface may host a pocket of water under tension. Our
findings are thus highly relevant in this context and may
be a key phenomenon for the understanding of these ob-
servations.
In the context of research for sustainable power
sources, a significant effort is devoted to fuel cells where
oxygen is delivered in a gaseous phase to serve as an ox-
idant. Among these various technologies, air breathing
fuel cells operate with reactants supplied to the electrodes
by gas flows with controlled RH to maintain hydration
of the electrodes [84, 85]. At high current density, the
efficiency is limited by oxygen transport [86–89] and it
has been shown that the relative humidity of the gas has
an impact on this efficiency [87, 90, 91]. Our results offer
a possible basis for rationalizing this observation. More-
over, it opens the way for new design of porous cathodes
that could exploit this enhanced oxygen solubility in un-
saturated conditions to improve significantly the perfor-
mance of this technology.
CONCLUSIONS
We have shown in the present work that the solvation
of oxygen in adsorbed water is strongly influenced by the
relative humidity of the surrounding atmosphere and that
this effect can be described quantitatively by thermody-
namic models using bulk properties of water. This suc-
cess extends the conclusions made by our team [1, 46, 47]
and others [48, 49] that the bulk thermodynamic behav-
7iors of liquid water persist to strong confinement and
large tension. The Krichevsky and Kasarnosky theory is
not restricted to dioxygen and predicts a similar expo-
nential variation of the solubility of any gas with pres-
sure. Consistent with Le Chateliers’s principle, the sol-
ubility of solutes with positive partial molar volumes of
mixing should increase with increasing tension while the
solubility of solutes with negative partial molar volumes
of mixing should decrease. Beyond this dependence on
the partial molar volume, this prediction does not de-
pend on the identity or microscopic details of the solvent
and solute. Further work should confront this prediction
by considering other molecules that display a strong hy-
drophobic character and for which we may expect quali-
tative changes of the solvent properties of pore-confined
liquid water under tension.
This modification of gas solubility in adsorbed water
is likely to affect important chemical processes like cor-
rosion and it may be a missing ingredient for modeling
in many situations in which dependence on RH has been
observed. More interestingly, this study calls for the de-
velopment of chemical processes exploiting capillary con-
densed water as a tunable solvent in the context of green
chemistry: while most of studies on the effect of pressure
have focused on the supercritical regime, our study shows
that pressure quantitatively affects the solubility in water
in a regime easier to access in practice and opens the path
to the study of chemistry in metastable water, interesting
for both fundamental and applied perspectives.
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SUPPORTING INFORMATION
1. Porous materials
Two different porous materials have been used in the
experiment:
• circular disk (radius ∼ 2 mm, thickness ∼ 500 µm)
of Vycor 7930 porous glass. Before every exper-
iment, the sample was cleaned by immersion for
∼ 15 min in boiling hydrogen peroxide (30 % by
mole in water). Pore size distribution was deter-
mined by nitrogen adsorption porosimetry. It dis-
plays a sharp maximum at radius 3.8 nm with a half
width of 0.3 nm.
• a thin layer (∼ 5µm-thick) of nanoporous silicon.
This layer was produced by anodization in a sim-
ilar manner to that previously described by us [1]
but with thermal oxidation at higher temperature
(2 min at 800 ◦C followed by 30 s at 900 ◦C in pure
oxygen) after synthesis. The pore size distribution
of the sample used in this study was not measured
but we expect it to be similar to that measured pre-
viously [1]: average radius 1.4 nm and half width
0.3 nm, with possibly slightly smaller average size
due to the stronger oxidation.
For both systems, there is a three dimensional disor-
dered and interconnected pore structure. However, due
to scattering of the laser beam, we only probe liquid in
pores at or close to the surface of the sample in our ex-
periment and there is thus no impact of this complex
organization on our results.
2. Optical setup
Laser excitation for the phosphorescence lifetime mea-
surements was provided by pulsing the 405 nm laser line
from a four-line iChrome MLE laser (Toptica Photonics
AG, Munich, Germany). The diode laser in the iChrome
was triggered by a DG535 Digital Delay/Pulse Gen-
erator (Stanford Research, Sunnyvale, CA) at 100 kHz
and delivered 100 ns FWHM 770 nm excitation pulses.
The 405 nm pulses were fiber-delivered to a modified
BioRad MRC-600 confocal scanhead mounted on an
Olympus BX-51 upright microscope stand. Excitation
pulses were delivered through an Olympus 4x/0.28 NA
(XLFLUOR4X/340) objective lens focused on the sam-
ple and the phosphorescence collected back though the
confocal scanhead. The phosphorescence was routed to
one of the MRC-600’s internal multi-alkali photomulti-
plier tubes (PMT) after passing through a 470 nm long
pass filter (HQ470lp, Chroma Technology, Bellows Falls,
VT) and the confocal pinhole which was set to ∼ 1 Airy
disk (optical sectioning was 9.0µm). Photon counts from
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the PMT output were collected in 40 ns time bins using a
SR430 Multi-channel scaler (Stanford Research, Sunny-
vale, CA). Data was transferred to a PC via the SR430
GPIB bus. As displayed in Fig.2(a) in main text, lifetime
τ is obtained by fitting the luminescence intensity with
a single exponential decay
I(t) = ∆Ie−t/τ + I∞. (6)
3. Luminescent dye
The dye used in this experiment is a water soluble
rhenium-based complex whose structure is described in
Fig. 4(a). Details about its synthesis and characteriza-
tion are given in Marker et al. [2]
(a) (c)(b)
FIG. 4: (a) Structure of the phosphorescent dye used as an oxygen probe. (b) UV-visible absorption spectrum of the dye. (c)
Luminescence emission of the dye for an excitation at λ = 350 nm.
Analytical photochemical measurements were per-
formed using a Newport Mercury/Xenon Arc Lamp. The
light output was modulated using a combination of a
Newport heat absorbing glass filter (50.8 × 50.8 mm)
with infrared cut-off (Schott KG5 filter glass), a New-
port mercury line bandpass filter (25.4 mm, center wave-
length 365± 2 nm), and a Newport visible absorbing fil-
ter (50.8× 50.8 mm, center wavelength 340 nm) made of
dark optical glass to isolate monochromatic 365 nm light.
The UV-visible absorption spectrum of the dye and its
emission spectrum for excitation at λ = 350 nm are re-
spectively displayed on Fig. 4(b) and (c).
As explained in main text, the luminescence lifetime of
the dye is related to the concentration of oxygen in pore
liquid via the equation
1
τ
=
1
τ0
+ kyO2 . (7)
The calibration procedure to determine the parameters
τ0 and k has been described in main text. In Vycor, we
obtained τ0 = 8.7± 0.3 µs and ksat = 0.48± 0.02 µs−1
while in porous silicon, we obtained τ0 = 1.8± 0.1 µs
and ksat = 0.6± 0.1 µs−1.
As evoked in the main text, we suspect that interac-
tions between the dye and the wall modify significantly
ksat and τ0. This explains the discrepancies of the values
obtained for these parameters in the two porous media
and justifies the necessity to perform in situ calibrations.
This is further supported by a few complimentary
tests. In bulk water under ambient conditions (yO2 =
0.21), we measured a lifetime τ = 2.3± 0.1 µs, to be com-
pared with τ = 4.5± 0.2µs in Vycor and τ = 1.5± 0.1 µs
in porous silicon in the same conditions. We thus ob-
serve an notable discrepancy between lifetime measured
in bulk solution and under confinement. For a phosphate
buffered solution (pH = 7.4, concentration 1 mmol · L−1)
we measured τ = 1.9 µs in ambient conditions and τ0 =
5.6µs in a solution saturated with nitrogen.
4. Derivation of Krichevsky and Kasarnovsky
equation
Let us consider the equilibrium between an ideal solu-
tion of molecular oxygen in water, of concentration c and
pressure P`, and a gas phase, of total pressure Pg with
a mole fraction yO2 in oxygen and a relative humidity,
RH. We want to compare the concentrations c and csat
of oxygen between the considered situation and the satu-
ration where RH = 1 and P` = Psat (see Eq. (1) in main
text). The temperature T is kept constant.
In both situations, the mole fraction of oxygen and
the total pressure in the gas phase are the same, so if
we assume the vapor is ideal, the chemical potential of
oxygen in the gas is the same in the two situations: at
equilibrium, this implies that the chemical potential of
dissolved oxygen in the liquid phase is the same too, i.e.:
µ2,`(P`, T, c) = µ2,`(Psat, T, csat). (8)
First, we can expand the term on the left hand side
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with respect to pressure:
µ2,`(P`, T, c) = µ2,`(Psat, T, c) +
∫ P`
Psat
(
∂µ2,`
∂P
)
T,csat
dP.
(9)
If we introduce the partial molar volume of oxygen vO2 =
∂Pµ2,` and assume it is independent of pressure, we ob-
tain
µ2,`(P`, T, c) = µ2,`(Psat, T, c) + v2(P` − Psat). (10)
If we assume the solution is ideally dilute, we can write
{
µ2,`(Psat, T, c) = µ
∞
2,`(Psat, T ) +RT ln (c/ρ`)
µ2,`(Psat, T, csat) = µ
∞
2,`(Psat, T ) +RT ln (csat/ρsat)
(11)
where µ∞2,`(Psat, T ) is the chemical potential of molecu-
lar oxygen in the hypothetical infinitely dilute solution,
which is independent of the concentration of oxygen, and
ρ` is the molar density of the liquid, which depends on
its pressure.
By combining these expressions, we obtain the
Krichevsky and Kasarnovsky equation:
c(P`)
csat
=
ρ`(P`)
ρ`,sat
e−v2(P`−Psat)/RT . (12)
This formula has been initially derived in a context of
elevated pressure (i.e. P` > Psat), with bulk liquid. In
our situation, it could be questionable due to confine-
ment: because of solid/liquid interaction, the pressure
becomes heterogeneous and anisotropic at nanoscale and
is thus ill-defined. It could be better not to refer to pres-
sure but rather to only consider chemical potential and
relative humidity which does no suffer from wall effect.
The equation (8) then becomes
µ2,`(RH, T, c) = µ2,`(RH = 1, T, csat). (13)
The most general relation that we can get between RH
and the solubility is
c(RH)
csat
=
ρ`(RH = 1)
ρsat
exp
[
− 1
RT
∫ 1
RH
∂µ2,`
∂RH
dRH
]
(14)
For large pores or nanopores connected to hierarchical
larger pores, we can derive from Kelvin-Laplace equation
that (
∂µ2,`
∂P
)
=
v2ρ`RT
RH
. (15)
In that case, we recover Krichevsky and Kasarnovsky
equation expressed in terms of relative humidity:
c(RH)
csat
=
ρ`(RH = 1)
ρsat
e−ρ`v2 lnRH. (16)
5. More refined model
To refine Krichevsky and Kasarnovsky relation, one
can account for a variation of the partial molar volume v2
with pressure by using more accurate equations of state
for the liquid phase, as described by Widom and Cerdeir-
iña [3, 4]. For instance, we fit the density curve ρ(P )
provided by the IAPWS equation of state [5, 6] for pres-
sures between 0 and −80 MPa with van der Waals-like
equation of states. This results in an agreement between
the fit and the IAPWS data of a few percent with in-
teraction parameter and covolumes respectively equal to
a1 = 7.14 × 10−49 Pa ·m6 and b1 = 2.49 m3. It is to
note that deviations from IAPWS in the negative pres-
sure regime have been observed below −50 MPa [7].
Then, we assume that the (dilute) aqueous solution of
dioxygen follows the same equation of state with effective
parameters determined by an empirical mixing rule: [8]{
a = [ρ21a1 + 2ρ1ρ2a12 + ρ
2
2a2]/(ρ1 + ρ2)
2
b = [ρ21b1 + 2ρ1ρ2b12 + ρ
2
2b2]/(ρ1 + ρ2)
2 (17)
where ρ1 and ρ2 [m−3] are the number densities of solvent
and solute. Parameters a1, a2, b1 and b2 are respectively
the interaction parameters (a) and covolumes (b) of pure
water (subscript 1) and pure oxygen (subscript 2. The
parameters a2 and b2 play no role in the considered dilute
limit. The parameters a12 and b12 are fitting parameters
used to enforce agreement with tabulated data at satu-
ration.
With these assumptions, the solubility parameter
Σ(P, T ) introduced by Widom and defined as the ratio of
ρ2 over the value it would have in a hypothetical ideal gas
at the same temperature and composition, can be com-
puted. In the dilute limit, the concentration of dioxygen
is finally expressed as
c =
ΣPO2
RT
. (18)
Detailed calculation of Σ for different Van der Waals-
like equations of state have been presented by Widom
and Cerdeiriña [4]. Parameters a12 and b12 are cho-
sen to match the tabulated values of solubility [9] Σ =
3.1 · 10−2 and oxygen molar volume [10, 11] v2 =
3.21× 10−5 m3 ·mol−1 at saturation and standard pres-
sure.
Prediction of this model is compared to these of the
simple model presented in the main text and to the ex-
perimental results. Within experimental uncertainty, we
cannot distinguish between predictions by the two mod-
els. As well as for the agreement with the model by Lassin
et al. [12, 13], this can be explained by the fact that the
molar volume of oxygen in water is almost independent
on pressure in the considered range [14].
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FIG. 5: Evolution of oxygen concentration c with liquid pres-
sure P` in metastable water, with respect to its value csat at
saturation. Red symbols correspond to measurements in Vy-
cor glass and blue symbols to measurements in porous silicon.
Black dashed line is the prediction of the simple model pre-
sented in main text while red continuous line is the prediction
by the more precise model.
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